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1.  Introduction 


Much  of  what  is  known  about  the  surface  chemistry  of  Ti02  surfaces  comes  from  modeling  and 
from  ultrahigh  vacuum  (UHV)  studies  of  carefully  prepared  single  crystalline  surfaces.  Sections 
2  and  3  of  this  report  highlight  the  knowledge  gained  from  these  studies.  They  are  critical  to  our 
understanding  of  the  natural  tendencies  and  anisotropies  inherent  in  TiCfi  crystals.  However,  the 
situation  in  aqueous  solutions  is  further  complicated  by  the  adsorption  of  hydroxyls,  ions,  and 
surfactants.  Molecular  adsorption  disrupts  the  balance  between  the  electrostatic,  hydrophobic, 
and  steric  forces,  and  it  creates  kinetic  barriers  to  particle  growth.  These  effects  are  the  focus  of 
this  research  and  will  be  further  discussed  in  section  4.  Section  5  reviews  what  is  known  about 
the  coordinating  tendencies  of  different  organic  molecules  as  a  function  of  their  molecular  chain 
length,  branching  structure,  and  functional  group.  Section  6  describes  some  preliminary  results 
from  hydrothermal  reactions  that  suggest  the  preferential  adsorption  of  organic  surfactants  for 
specific  crystalline  facets.  Section  7  describes  the  questions  that  arise  from  the  preliminary 
results  and  recommends  future  work. 


2.  Bulk  Crystalline  Structure 


The  most  important  predictor  of  the  surface  chemistry  under  UHV  conditions  is  the  bulk 
crystalline  structure.  It  influences  the  preferred  crystal  orientation,  defect  structure,  surface 
stability,  and  chemical  reactivity.  There  are  seven  known  polymorphs  of  titania,  only  four  of 
which  (rutile,  brookite,  anatase,  and  TiC>2  B  [see  figure  1])  occur  in  nature.  The  anatase  and 
rutile  phases  are  the  focuses  of  this  investigation.  Their  bases  consist  of  Ti  octahedrally 
coordinated  to  oxygen.  The  right  side  of  figure  1  shows  the  octahedra  stacked  so  that  each 
oxygen  has  three-fold  coordination.  For  particle  sizes  that  are  less  than  1 1  ntn,  the 
thermodynamically  favored  phase  is  anatase  (tetragonal  D\9h  -  I4X  /  amd  ,  a  =  b  =  3.782  A, 

c  =  9.502  A).  As  the  particle  grows  from  1 1  to  35  nm,  it  transforms  into  brookite 
(rhombohedrical,  Dx2h  -  Pbca  ,  a  =  5.436  A,  b  =  9. 166  A,  c  =  5. 135  A).  Particle  sizes  greater 

than  35  nm  typically  fonn  the  rutile  phase  (tetragonal  D\\  -  P42  /  mnm ,  a  =  b  =  4.584  A, 

c  =  2.953  A).  Under  extremely  high  pressures,  TiC>2  can  also  form  an  orthorhombic  dipyramidal 
cotunnite  phase  (7). 

The  particle  sizes  at  which  these  phase  transformations  occur  can  be  artificially  engineered 
through  surfactant  and  solvent  interactions  during  crystallization.  There  is  some  discussion  in 
the  literature  as  to  which  phase  is  promoted  during  hydrothermal  treatment.  In  one  case,  it  was 
found  that  acidic  conditions  resulted  in  the  formation  of  anatase,  rutile,  and  brookite,  whereas 
only  the  anatase  phase  precipitated  under  basic  conditions  or  in  the  presence  of  chloride  ions  (2). 
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Figure  1.  Bulk  crystal  structure  of  anatase  and  rutile  with  bond  angles  and 
lengths  (3). 

When  the  precursor  and  solvent  were  changed  from  titanium  tetrachloride  and  water  to  titanium 
oxychloride  and  water/2-proponal,  the  precipitated  phase  was  rutile  ( 4 ).  However,  adding  sulfate 
ions  promoted  the  formation  of  anatase.  As  will  be  discussed  in  the  later  sections  of  the  report, 
the  solvent  and  precursor  chemistry  affects  the  complexes  that  form  at  the  TiCfi  surface  during 
crystallization.  These  studies  highlight  the  importance  of  understanding  the  effects  of  surface 
chemistry  and  interactions  on  the  kinetics  and  thennodynamics  of  the  crystallization  processes. 


3.  Driving  Forces  for  Adsorption  at  Ti02  Surfaces 


All  thermodynamically  stable  processes  evolve  in  a  manner  which  minimizes  the  free  energy  of 
the  system.  For  nanoparticles,  the  energetics  of  the  system  is  dominated  by  the  energy  of  the 
particle  surface.  There  are  two  driving  forces  for  molecular  adsorption.  They  are  the  desire  to 
fulfill  the  atomic  coordination  of  the  surface  atoms  and  the  desire  to  maintain  the  electrical 
neutrality  of  the  surface.  The  effect  of  crystal  orientation  and  defect  structure  on  these  forces  is 
described  next. 
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3.1  Effect  of  Crystal  Structure  on  the  Degree  of  Coordination  Unsaturation 

The  minimum  energy  configuration  for  surface  atoms  is  that  which  most  closely  mimics  the 
coordination  environment  of  the  bulk  atoms.  However,  due  to  the  truncation  of  the  crystal, 
surface  atoms  are  not  fully  coordinated.  The  degree  of  coordination  unsaturation  depends  on 
which  crystalline  facet  tenninates  the  surface.  This  can  be  detennined  for  single  crystal  surfaces 
under  high  vacuum  conditions  using  atomic  force  microscopy,  low  energy  electron  diffraction,  or 
reflection  high-energy  electron  diffraction.  For  the  rutile  (110)  facet,  half  of  the  Ti  atoms  retain 
their  six-fold  coordination,  while  the  other  half  remains  in  five-fold  coordination.  The  stability 
decreases  for  the  (100)  and  (001)  facets  as  the  coordination  for  the  Ti  atoms  falls  to  five-fold  and 
four-fold,  respectively.  For  anatase,  the  (101)  surface  is  the  most  stable  with  a  surface  free 
energy  lower  than  even  the  rutile  (110)  (5).  As  the  degree  of  coordination  unsaturation 
increases,  the  driving  force  for  chemical  and  physical  adsorption  also  increases.  If  there  are  no 
adsorption  species  available,  surface  atoms  will  relax  into  configurations  that  maximize  their 
coordination  and  stabilize  the  electrostatic  interactions  ( 6 ). 

3.2  Surface  Polarity 

A  second  consequence  of  coordination  unsaturation  is  the  creation  of  dangling  bonds  with  excess 
charge.  In  order  for  a  surface  to  be  stable,  these  dangling  bonds  must  produce  no  net  dipole 
moment.  This  can  occur  if  the  individual  planes  are  neutral  (i.e.,  there  are  equal  numbers  of 
atoms  with  opposite  charges  on  the  same  plane)  or  if  alternately  charged  planes  are 
symmetrically  stacked.  The  latter  is  the  case  for  the  nonpolar  rutile  (110)  surface  (7).  The  area 
defined  by  the  dashed  lines  A  and  B  in  figure  2  represents  an  electrically  neutral  repeat  unit  for 
the  rutile  (110)  surface.  It  consists  of  three  layers:  two  negatively  charged  layers  containing 
only  O'2  atoms  surrounding  a  positively  charged  layer  that  contains  an  equal  number  of  Ti+4  and 
O'  atoms.  A  similar  analysis  for  rutile  (100)  and  (001)  predicts  electrostatically  stable  cleavage 
along  the  dashed  line  in  figures  3b  and  4,  respectively  (5).  Although  the  cleavage  is 
electrostatically  stable  for  the  (001)  termination,  it  is  not  thermodynamically  stable  because  of 
the  low  coordination  of  the  Ti  (four-fold)  and  O  atoms  (two-fold).  The  cleavage  planes  drawn  in 
figures  2-4  represent  theoretical  calculations  of  electrostatically  stable  surfaces  in  UHV 
environments.  Additional  planes  can  also  be  electrostatically  stabilized  by  the  adsorption  of  ions 
from  solution. 

3.3  Defect  Structure 

The  equilibrium  configurations  adopted  by  surface  atoms  can  also  be  locally  disrupted  by  the 
presence  of  surface  defects  including  oxygen  vacancies,  monatomic  steps,  kinks,  and 
dislocations.  As  an  example,  consider  the  importance  of  defects  in  the  adsorption  of  water  under 
UHV  conditions.  Most  UHV  studies  agree  that  water  can  dissociate  and  adsorb  molecularly  on 
perfect  rutile  (100)  surfaces  (9)  even  in  the  absence  of  defects.  However,  experimental  evidence 
suggests  that  oxygen  vacancies  are  necessary  in  order  to  dissociate  water  on  the  rutile  (110)  facets. 
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Figure  2.  Ball  and  stick  model  of  rutile  crystal  structure  showing  charge-neutral  cleavage 
along  the  (110)  surface. 


Figure  3.  Ball  and  stick  model  of  rutile  crystal  structure  showing  charge-neutral  cleavage  along  the  (100) 
surface. 


Figure  4.  Ball  and  stick  model  of  rutile  crystal  structure  showing 
charge-neutral  cleavage  along  the  (001)  surface. 
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This  may  be  due  to  hydrogen  bonding  (see  figure  5).  Along  a  rutile  (100)  faceted  crystal,  the 
distance  between  the  oxygen  atoms  in  the  adsorbed  water  and  the  two-fold  oxygen  atoms  in  the 
TiC>2  crystal  allows  for  weak  hydrogen  bonding.  However,  for  rutile  (110)  oriented  crystals,  this 
distance  is  at  least  3.2  A,  making  it  impossible  for  water  to  form  hydrogen  bonds  except  at 
oxygen  vacancies,  which  allow  the  water  to  come  closer  to  the  surface. 


Figure  5.  Structural  model  for  the  adsorption 
of  water  to  TiCF  surfaces. 

Defects  are  also  important  initiation  sites  for  nucleation  and  growth  phenomenon.  According  to 
Burton-Cabrera-Frank  theory,  particle  growth  and  dissolution  occurs  primarily  at  monatomic 
steps  and  kinks  created  by  the  surface  tennination  of  screw  dislocations.  These  defects  have 
crystallographically  preferred  growth  directions  which  can  be  engineered  through  the  adsorption 
of  surfactants  (10).  Phosphates  and  phosphonates  are  especially  good  at  stabilizing  defects 
against  dissolution  (11). 


4.  What  Happens  to  Oxide  Surfaces  in  Aqueous  Solutions? 


4.1  Hydroxylation  of  the  Particle  Surface 

TiCk  surfaces  in  contact  with  aqueous  solutions  quickly  hydrolyze  to  fulfill  their  atomic 
coordination.  The  water  is  ordered  into  two  layers,  an  inner  sphere  of  directly  adsorbed  water 
surrounded  by  an  outer  sphere  of  water  that  is  loosely  bound  by  hydrogen  bonding.  Theoretical 
studies  (12)  suggest  that  structure  of  water  in  the  inner  layer  is  similar  to  ice  (i.e.,  the  oxygen 
atoms  form  puckered  hexagons  linked  by  hydrogen  bonds).  In  order  to  fonn  a  complex  with  the 
surface,  molecules  must  first  form  complexes  with  the  outer  sphere  and  then  displace  the  inner 
sphere  water  with  complexing  ligands.  The  magnitude  of  the  kinetic  barrier  this  poses  is  a 
function  of  the  thickness  of  the  hydrogen  bonded  layer  and  the  strength  of  the  inner  sphere 
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aqueous  complexes.  As  discussed  in  the  previous  section,  this  can  be  affected  by  the  crystal 
orientation  and  defect  structure. 

4.2  Electric  Double  Layer 

When  the  TiO?  surface  is  immersed  in  an  aqueous  environment,  it  also  develops  a  surface  charge 
because  of  surface  protonation-deprotonation  reactions  and  the  specific  adsorption  of  ions  from 
solutions.  The  surface  charge  generates  an  electrostatic  force  that  attracts  ions  with  opposite 
charge  and  repels  like-charged  ions.  This  tightly  bonded  inner  layer  is  surrounded  by  an 
additional  layer  of  ions  that  are  diffusely  bonded  to  the  inner  layer  by  coulombic  and  hydrogen 
bonding  forces.  The  two-layer  complex  is  known  as  an  electric  double  layer.  The  thickness  of 
the  electric  double  layer  is  a  function  of  the  pH  and  ionic  strength  of  the  solution.  The  pH  at 
which  the  surface  has  a  zero  charge  is  called  the  isoelectric  point.  The  isoelectric  point  for  TiC>2 
is  5.9.  Below  pH  =  5.9,  the  surface  has  a  positive  charge.  Above  5.9,  it  is  negatively  charged. 
The  ability  of  a  surface  to  neutralize  its  charge  through  adsorption  depends  on  the  polarity  of  the 
surface,  the  adsorbate,  and  the  solvent.  Polar  surfaces  adsorb  polar  adsorbates  strongly  and 
nonpolar  adsorbates  weakly,  whereas  nonpolar  surfaces  strongly  attract  nonpolar  adsorbates.  As 
the  polarity  of  the  solvent  increases,  adsorbates  are  more  easily  ionized.  However,  the 
electrostatic  field  strengths  drop  off  more  rapidly.  In  addition,  as  the  solvent  polarity  increases, 
the  solvent  competes  for  adsorption  to  the  surface  making  it  difficult  to  attract  polar  adsorbates. 


5.  Factors  to  Consider  in  the  Design  of  Surfactants 


There  are  many  factors  to  consider  when  designing  effective  surfactants.  If  the  goal  is  to  prevent 
colloidal  particles  from  agglomerating,  the  surfactant  is  designed  to  enhance  its  electrosteric 
stabilization  properties.  These  surfactants  have  polar  headgroups  to  bind  to  the  acid/base  sites  of 
the  particle  surface  and  long  lyophilic  tails  that  extend  into  the  solution  and  sterically  hinder 
particle  agglomeration.  Surfactant  design  is  more  complicated  if  the  goal  is  to  control  the 
morphology  of  particles  growing  from  solution.  In  order  to  grow  TiC>2  nanorods,  a  consistent 
asymmetry  in  the  dissolution  and  growth  conditions  must  be  created.  This  can  be  accomplished 
by  tailoring  the  affinity  of  the  surfactant  for  specific  crystallographic  planes.  The  factors  that 
affect  how  a  surfactant  binds  to  the  surface  include  its  shape,  the  polarity  and  ionizability  of  its 
functional  group,  and  the  location  of  the  functional  group  relative  to  other  parts  of  the  molecule. 
These  effects  are  described  in  further  detail  in  the  following  sections. 

5.1  Gibbs  Free  Energy  of  Adsorption 

Surfactants  will  bind  to  the  surface  in  the  confonnation  which  minimizes  their  Gibbs  free  energy. 
Some  molecules  fonn  strong  inner  sphere  complexes  with  the  surface.  Others  can  only  form 
loosely  bonded  outer  sphere  complexes  because  of  interference  from  other  parts  of  the  molecule. 
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The  total  free  energy  of  adsorption  AGacis  can  be  expressed  as  the  sum  of  the  following  free 
energy  contributions: 

AGads  =  AGelec  +  AG chem  +  AG c-c  +  AG  c-s  +  AGH -bonding  +  AGvdw  ’  0) 

wher z  AG eiec  ~10  kJ/mol  is  the  electrostatic  interaction  term,  A Gchem  >  25  kJ/mol  is  due  to  the 
covalent  bonding,  AGc  c~l  kJ/mol/chain  segment  is  the  lateral  chain-chain  interaction,  A Gc_s 

~1  kj/mo  1/chain  segment  is  the  interaction  between  hydrophobic  chains  and  hydrophobic  surface 
sites,  A GH_bonding  ~10  kJ/mol  is  the  hydrogen  bonding  interaction  term,  and  A.Gvdw~Q.l  kJ/mol  is 

the  term  due  to  van  der  Waals  forces.  The  goal  in  surfactant  design  is  to  tailor  the  distribution  of 
functional  groups  to  promote  hydrogen  bonding  and  electrostatic  attraction  to  the  particle 
surface. 

5.2  Acid/Base  Behavior  of  Functional  Groups 

As  described  next,  the  acid/base  behavior  of  a  particular  functional  group  depends  on  the 
polarizability  of  the  bonding,  its  ability  to  form  hydrogen  bonds  with  the  surface  and  solvent,  and 
the  steric  environment  surrounding  the  group. 

5.2.1  Polarizability 

The  ionization  potential  is  a  measure  of  the  amount  of  energy  required  to  remove  an  electron 
from  the  molecule.  The  highest  ionization  energies  are  for  molecules  that  have  a  symmetrical 
charge  distribution,  such  as  methane  and  ethane.  As  the  electronegativity  difference  between 
atoms  increases,  the  charge  distribution  becomes  more  asymmetrical,  and  the  ionization  potential 
decreases.  Nonbonding  electrons,  such  as  those  on  N  and  O,  and  the  n  bonding  electrons  of 
alkenes  and  aromatic  molecules  are  held  more  loosely  than  electrons  in  C-C  and  C-H  a  bonds. 
Alkyl  groups  have  electron  pushing  properties.  Therefore,  adding  alkyl  groups  tends  to  increase 
the  charge  concentration  on  more  highly  electronegative  elements  such  as  O,  N,  and  F.  This  is 
directly  reflected  by  their  ionization  potentials  listed  in  table  1 . 

In  general,  carboxyl,  hydroxyl,  amine,  and  ester  groups  are  highly  polarizable  and  make  good 
anchors  to  particle  surfaces. 

5.2.2  The  Role  of  Hydrogen  Bonding 

The  expected  acid/base  behavior  of  functional  groups  can  be  modified  by  hydrogen  bonding 
within  the  surfactant  and  with  the  solvent.  From  simple  structure  calculations,  you  would  expect 
the  basicity  of  the  molecule  to  increase  as  the  hydrogen  atoms  surrounding  the  cation  are 
replaced  by  methyl  groups,  which  have  electron  pushing  tendencies.  Although  this  is  true  in  gas 
phase  reactions,  exactly  the  opposite  is  true  for  aqueous  reactions.  This  is  because  the  solvent 
stabilizes  the  cation  through  hydrogen  bonding  interactions.  As  the  hydrogen  groups  on  the 
cation  are  replaced  by  methyl  groups,  the  number  of  hydrogen  bonding  sites  is  reduced.  This 
explains  why  the  basicity  of  trimethylamine  in  water  is  only  slightly  higher  than  ammonia. 
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Table  1.  Ionization  potentials  or  organic  compounds  with  different 
functional  groups. 


Chemical  Formula 

Family 

Ionization  Potential 
(eV) 

ch4 

Alkane 

12.7 

CH3CH3 

Alkane 

11.5 

CH=CH 

Alkyne 

11.4 

CH3OH 

Alcohol 

10.8 

ch2=ch2 

Alkene 

10.5 

CH3(C=0)0H 

Carboxylic  acid 

10.37 

CH3(C=0)0CH3 

Ester 

10.27 

CH,(C=0)H 

Aldehyde 

10.21 

nh3 

Ammonia 

10.2 

CH30CH3 

Ether 

9.98 

CH3(C=0)NH, 

Amide 

9.77 

CH3(C=0)CH3 

Ketone 

9.69 

c6h6 

Arene 

9.2 

ch,nh2 

Amine 

8.97 

c2h5nh2 

Amine 

8.86 

(CH3)2NH 

2°  Amine 

8.24 

5.2.3  Steric  Forces 

The  adsorption  behavior  of  organic  molecules  is  also  influenced  by  steric  forces.  There  are  two 
major  steric  forces  to  consider:  steric  strain  due  to  the  distortion  of  the  bonding  structure  within 
the  molecule  and  steric  interference  caused  by  the  nonbonding  groups  along  the  molecule. 

Steric  strain  is  generated  during  the  distortion  of  the  bonding  structure  from  thermodynamically 
preferred  bond  lengths  and  bond  angles.  The  strain  energy  is  an  important  measure  of  how  well 
a  ligand  is  sterically  suited  to  complex  to  the  Ti02  surface.  There  are  two  contributions  to  the 
strain  energy:  bond  length  distortion  and  angular  distortion.  They  can  be  directly  calculated 
from  Hooke’s  law: 

(2) 

where  Ug  is  the  strain  energy  due  to  bond  length  distortion,  Kb  is  the  force  constant  for  restoring 
the  bond  to  its  ideal  length  r°,  and  r  is  the  length  to  which  the  bond  has  been  distorted.  The  force 
constant  (Kb)  is  proportional  to  the  strength  of  the  covalent  bond.  It  is  smallest  for  H-H  and  O-H 
bonds,  followed  by  N-H  and  C-H  bonding  (see  table  2). 

The  bond  angle  distortion  can  also  be  calculated  using  Hooke’s  law: 

Ue=^Ke(0-$°f,  (3) 

where  Ug  is  the  strain  energy  produced  during  bond  angle  distortion.  Kg  is  the  force  constant  for 
restoring  the  bond  angle  its  ideal  value  (f ,  and  0  is  the  observed  bond  angle. 
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Table  2.  Force  constants  and  equilibrium  bond  distances  for  many 
common  elements. 


Atom  No.  1 

Atom  No.  2 

Bond  Length 

(A) 

Force  Constant 

H 

H 

0.738 

4.661 

H 

O 

0.96 

5.794 

H 

N 

1.01 

6.057 

H 

C 

1.09 

6.217 

H 

P 

1.41 

7.257 

C 

O 

1.44 

7.347 

C 

N 

1.47 

7.504 

N 

O 

1.42 

7.526 

C 

C 

1.526 

7.643 

O 

P 

1.64 

7.957 

C 

P 

1.83 

8.237 

c 

Cl 

1.8 

8.241 

N 

Cl 

1.75 

8.266 

Steric  interference  occurs  when  the  functional  group  is  surrounded  by  nonbonding  groups  (i.e., 
methyl  groups)  that  prevent  interaction  with  the  surface.  P-R3  and  S-R2  functional  groups 
typically  have  lower  steric  hindrances  because  the  P-C  and  S-C  bonds  are  longer  than  N-C  and 
O-C  bonds.  This  causes  the  methyl  groups  to  be  held  further  away  from  the  proton.  In  general, 
steric  interference  increases  as  chain  length  and  branching  increases. 


6.  Preliminary  Results  From  Surfactant  Templated  Hydrothermal  Reactions 


A  preliminary  investigation  was  conducted  in  order  to  detennine  the  effect  of  surfactants  (listed 
in  table  3)  on  the  morphological  evolution  of  hydrothennally  precipitated  TiCL  nanopowders 
using  the  synthesis  method  described  in  the  following  section. 

Table  3.  Morphology  results  for  different  surfactant  additives. 


Additive 

Morphology 

-Size 

(nm) 

-Aspect  Ratio 

No  additive 

Equiaxed  polyhedra 

50-100 

1 

Triethanolamine 

Elongated  polyhedra 

50-100 

2 

Cyclohexylamine 

Bullet-like  w/snow 

50-100 

2 

Triethylamine 

Elongated  polyhedra 

50-100 

2 

Ethanolamine 

Bullet-like  w/snow 

100-200 

1 

Ammonium  phosphate 

Bullet-like 

50-100 

5 

Ammonium  chloride 

Equiaxed  polyhedra 

10-25 

1 

n-butylamine 

Equiaxed  polyhedra 

50-100 

1 

Ethylene  glycol 

Equiaxed  polyhedra 

10-25 

1 

Di-isopropylamine 

Equiaxed  polyhedra 

25-100 

1 
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Synthesis  Method 

First,  0.1  M  TiCfi  was  added  to  high-performance  liquid  chromatography  grade  deionized  water 
and  neutralized  with  0.4  M  NaOH  (J.  T.  Baker,  Sweden,  95%  pure)  to  form  amorphous  titania 
Ti02*nH20.  Since  TiCfi  reacts  with  water  exothermically  to  generate  orthotitanic  acid  [Ti(OH)4], 
extra  care  was  taken  during  handling.  The  amorphous  titania  was  then  washed  and  centrifuged 
(Avanti  J25,  Beckman-Coulter)  three  times  at  5000  RPM  for  20  min  to  remove  any  chlorine  ions. 
Next,  the  surfactants  and  pH  adjusters  (NH4OH  or  HC1)  were  added.  After  15  hr  of  mixing,  the 
reagents  were  charged  into  1 10-mL  stainless  steel  Teflon  -lined  autoclaves  (Parr  Instruments, 
Moline,  IL)  that  were  heated  by  mantles  (Glas-Col,  Terre  Haute,  IN)  to  160  °C  for  6  hr.  The 
products  were  then  cooled  to  room  temperature  and  vacuum-filtered  through  0.22-pm  Teflon- 
coated  filter  paper  (Millipore  Corp.,  Bedford,  MA).  Powders  were  again  washed  and  centrifuged 
three  times  prior  to  transmission  electron  microscopy  (TEM)  analysis. 


7.  Results 


From  the  TEM  pictures  shown  in  figures  6-9  and  the  morphology  results  in  table  3,  the  following 
trends  are  clear:  (1)  as  the  pH  of  the  solution  increases,  the  particle  shape  becomes  more  elongated 
and  (2)  primary  amines  and  ammonium  phosphate  promote  the  fonnation  of  TiO?  rods.  Since 
nonselective  adsorption  of  organic  surfactants  creates  a  kinetic  barrier  to  the  deposition  of  new  oxide 
layers,  one  would  expect  very  small  equiaxed  particles  to  fonn.  Similarly,  if  the  surfactant 
selectively  adsorbs  to  specific  crystallographic  planes,  there  is  a  kinetic  barrier  to  the  vertical  growth 
rate  of  that  plane.  This  would  create  particles  with  elongated  rod-like  morphologies.  This  logic 
suggests  that  triethanolamine,  tributylamine,  n-butylamine,  ammonium  chloride,  di-isopropylamine, 
and  ethylene  glycol  bind  nonselectively,  whereas  ethanolamine,  cyclohexylamine,  and  ammonium 
phosphate  bind  selectively  to  the  surface.  However,  it  is  not  possible  to  say  for  sure  what  is 
happening  without  further  spectroscopic  investigations. 


8.  Future  Work 


In  order  to  understand  how  the  morphology  of  TiCF  particles  evolves  as  a  function  of  surface  and 
solution  chemistry,  it  is  important  to  have  a  detailed  picture  of  the  following  phenomena:  (1) 
chemical  speciation,  (2)  aqueous  complexes  fonned  around  particle  surface,  surfactants,  and  Ti 
precursors,  (3)  thickness  of  the  electric  double  layer  and  distribution  of  ions  near  the  surface  as  a 
function  of  pH,  ionic  strength,  and  surfactants,  (4)  confonnation  and  binding  affinities  of  the  organic 
molecules  in  solution,  (5)  adsorption  bonding  mode  (i.e.,  inner  sphere  or  outer  sphere)  and  geometry. 


Teflon  is  a  trademark  of  E.I.  du  Pont  de  Nemours  and  Company. 
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pH  =  7 


Figure  6.  TEM  pictures  of  TiCT  particles  precipitated  from  hydrothermal  solutions  under  different  acidic 
conditions. 

The  effect  of  surfactant  interactions  and  surface  chemistry  on  the  particle  morphology  can  be 
monitored  post-synthesis  using  TEM.  However,  there  is  no  single  spectroscopic  method  that  can 
directly  measure  the  changing  chemical  environment  in  situ  without  affecting  the  dynamics  of 
the  reaction.  However,  a  description  of  a  combination  of  spectroscopic  methods  that  can  provide 
useful  insight  is  next. 

8.1  Wet  Chemical  Adsorption  Isotherms 

Adsorption  isotherms  use  spectroscopic  methods  to  measure  the  amount  of  adsorbed  surfactant  at 
the  solid  surface  versus  the  equilibrium  solution  concentration  at  a  given  temperature.  The  initial 
slope  gives  an  indication  of  the  ease  of  polymer  adsorption.  The  shape  of  the  isotherm  as  a 
function  of  ionic  strength  provides  information  about  the  adsorption  bonding  mode.  In  general,  a 
strong  dependence  on  the  ionic  strength  indicates  that  the  surfactant  forms  weakly  bound  outer 
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Figure  7.  TEM  pictures  of  Ti02  particles  precipitated  from  hydrothermal  solutions  in  the  presence  of 
different  surfactants. 
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Figure  8.  TEM  pictures  of  TiCh  particles  precipitated  from 
different  solvents. 


Figure  9.  TEM  Pictures  of  TiC>2  rods  precipitated  under  different  acidic  conditions  from 
hydrothermal  solutions  containing  ammonium  phosphate. 
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sphere  complexes  whereas  no  dependence  indicates  the  formation  of  inner  sphere  complexes 
(13).  The  relative  binding  strength  can  be  determined  from  the  difference  between  the  pHpzc  of 
the  surface  and  the  pHads  (pH  at  which  50%  of  the  total  surfactant  is  adsorbed).  By  analyzing  the 
position  of  the  pHa(js  relative  to  the  pHpzc,  it  is  possible  to  infer  whether  the  Gibbs  free  energy  of 
adsorption  is  dominated  by  reductions  in  bond  energies,  electrostatic  attraction,  hydrophobic 
interaction,  changes  in  surface  hydration,  or  protonation/deprotonation  reactions.  An  example  of 
this  type  of  experiment  is  shown  in  figure  10  for  the  adsorption  of  aqueous  Co(II)  onto  oxide 
surfaces  at  different  pH  (14).  The  shaded  area  in  the  figure  represents  the  range  for  the  pHzpc  of 
the  surface  (aSi02  ~2-3,  rutile  Ti02  ~6.9,  Fe203  ~  8,  Al203~8.5). 


Figure  10.  Sorption  of  Co(II)  on  showing  aSi02,  rutile 

Ti02,  Fc2Oi,  AFOi  (a)  pFl  dependence  and  (b) 
relative  influence  of  pHzpc. 


When  the  adsorption  begins  near  the  pHzpc  (as  is  the  case  for  Ti02),  we  conclude  that 
electrostatic  attraction  plays  a  significant  role  in  the  free  energy  equation.  Conversely,  when  the 
adsorption  is  completed  below  the  pHzpc  (i.e.,  under  electrostatic  repulsion),  the  free  energy 
equation  is  dominated  by  changes  due  to  bonding,  hydrophobic  interactions,  and  protonation- 
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deprotonation  reactions.  This  is  the  case  for  Fe?03  and  AI2O3  surfaces.  For  SiCF  surface,  Co(II) 
adsorption  is  delayed  until  well  above  the  pHzpc.  This  suggests  that  one  of  the  variables  in  the 
Gibbs  free  energy  equation  has  a  significant  positive  contribution. 

These  types  of  studies  will  allow  us  to  understand  how  changing  the  structure  of  surfactants 
affects  the  relative  contributions  to  the  Gibbs  free  energy  equations.  It  is  important  to  remember, 
however,  that  these  isotherms  are  performed  on  solutions  of  many  precipitating  particles. 
Therefore,  they  reflect  an  average  over  many  differently  oriented  crystallographic  surfaces  and 
multiple  reactive  sites.  They  cannot  provide  specific  infonnation  on  the  composition  or  structure 
of  the  sorbate,  the  sorption  reactions,  or  the  sites  to  which  the  surfactants  bind. 

8.2  Infrared  Spectroscopy 

Infrared  spectroscopy  probes  the  vibrational  energy  spectrum  of  the  bonding  within  crystalline 
materials  and  organic  molecules.  Transitions  between  different  vibrational  energy  states  can  be 
induced  by  the  adsorption  of  infrared  radiation  with  exactly  matched  energies.  However,  not  all 
molecular  vibrations  lead  to  observable  infrared  absorptions.  In  general,  a  vibration  must  cause  a 
change  in  the  charge  distribution  within  a  molecule  to  absorb  infrared  light.  The  frequencies  that 
are  absorbed  depend  on  the  atomic  masses  and  force  constants: 

1 

v  = - 

2ITc 

where  v  is  the  vibrational  frequency, /is  the  force  constant,  and  c  is  the  velocity  of  light.  The 
force  constant  is  proportional  to  the  strength  of  the  covalent  bond.  It  is  typically  higher  for 
stretching  modes  than  for  bending  modes,  since  it  requires  more  energy  to  stretch  (or  compress) 
a  bond  than  to  bend  it.  The  bond  dissociation  energy  is  directly  proportional  to  the  stretching 
mode  frequency. 

Infrared  spectroscopy  of  the  interaction  between  molecular  probes  and  oxide  surfaces  can 
provide  important  information  about  the  acid  base  behavior  of  the  surface,  its  defect  structure, 
and  nature  of  the  sorbates  and  hydroxyls  as  a  function  of  crystal  orientation.  When  the  surface  is 
tenninated  by  different  facets,  the  coordination  number  of  surface  atoms  changes.  Decreasing 
the  coordination  number  of  a  metal  atom  at  constant  valence  reduces  the  interatomic  distance  and 
increases  the  number  of  valence  electrons  per  bond  (i.e.,  increases  the  bond  multiplicity). 
Therefore,  the  strength  and  frequency  of  the  bond  should  increase  accordingly.  Table  4  shows 
the  different  types  of  coordination  and  oxidation  states  that  can  exist  for  Ti  on  different  exposed 
surfaces  and  their  absorption  frequencies  with  different  molecular  probes. 

Ideal  probe  molecules  should  be  sensitive  to  the  strength  of  the  bonding,  should  be  able  to 
distinguish  between  sorption  and  protonic  (Bronsted)  and  aprotic  (Lewis)  acid  sites,  and  should 
have  a  size  that  is  comparable  to  the  size  of  reactants.  The  most  frequently  used  probe  molecules 
are  ammonia,  pyridine,  aliphatic  amines,  nitriles,  benzenes,  and  carbon  monoxide.  The  ammonia 
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Table  4.  Absorption  bands  for  different  Ti  coordinations  and 
hydroxyl  groups  probed  with  CO,  NH2,  and  S02. 


State 

Molecule 

Bands 

Anatase  Ti4+Cus 

CO 

2188,2208 

Anatase  Ti3+Cus 

CO 

2115 

Anatase  Ti4+5C 

CO 

2205 

Anatase  Ti4+4C 

CO 

2190 

Anatase  OH . NH3 

nh3 

3360 

Anatase  H2NH . 0 

nh3 

3360 

Rutile  OH . NH3 

nh3 

3310, 1620 

Rutile  H2NH . O 

nh3 

3310, 1620 

11  b*o 

so2 

1440,  1330 

0^s*° 
u  b^o 

so2 

1440,  1330 

so2 

1440,  1330 

Ti-S=0 

so2 

1180 

Ti-0 

molecule  can  bond  to  the  oxide  surface  via  three  different  mechanisms:  (1)  hydrogen  bonding  to 
oxygen  from  surface  oxygen  atoms  and  surface  hydroxyls,  (2)  hydrogen  bonding  between  the 
nitrogen  and  a  surface  hydroxyl,  and  (3)  coordination  bond  with  a  surface  cation.  It  can  also 
form  NH4+  ions  or  completely  dissociate  and  form  surface  NH2  and  OH  groups.  The  formation 
of  NH4+  ions  during  the  adsorption  of  ammonia  indicates  the  presence  of  Bronsted  acid  centers, 
whereas  coordinated  ammonia  indicates  Lewis  acid  sites.  However,  these  methods  are  not 
inherently  surface  specific.  Infrared  spectra  must  be  corrected  for  the  background  adsorption  due 
to  the  solvent  and  bulk  crystal  structure.  Background  absorption  often  dominates  the  relatively 
weak  infrared  contribution  from  the  surface.  The  only  way  to  reduce  the  background 
contribution  is  to  reduce  the  path  length  through  the  bulk  solution.  This  can  be  done  using  an 
attenuated  total  reflection  accessory. 

8.3  X-ray  Absorption  Fine  Structure 

X-ray  absorption  fine  structure  uses  synchrotron  x-ray  radiation  to  study  the  absorption  of 
x-rays  by  an  atom  at  energies  near  and  above  the  core-level  binding  energies.  It  is  an  element 
specific  technique  and,  therefore,  can  be  used  for  the  analysis  of  amorphous  and  disordered 
liquid  complexes.  The  position  of  the  absorption  edge  and  the  peaks  surrounding  the  edge  (near 
x-ray  absorption  fine  structure)  reveal  information  about  oxidation  state,  covalency  (increasing 
ligand  character  of  metal  d-orbitals),  and  molecular  symmetry  of  the  site.  For  example,  higher 
oxidation  state  metals  have  higher  positive  charge,  making  it  slightly  more  difficult  to 
photodissociate  a  1-s  electron.  This  shifts  the  K  edge  to  higher  energy.  Spectral  features  further 
from  the  absorption  edge  (extended  x-ray  absorption  fine  structure)  reveal  direct,  local  structural 
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information  about  the  atomic  neighborhood  of  the  element  being  probed,  including  the  numbers 
of  ligands,  the  identity  of  the  ligand  atoms,  and  their  precise  radial  distances.  The  complexes 
that  form  at  TiCT  surfaces  in  aqueous  environments  in  the  presence  of  surfactants  and  ions  have 
been  studied  using  x-ray  absorption  spectroscopy  techniques  by  a  variety  of  researchers  (15-18). 
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